Magnetostatic forward volume wave (FVW) microwave magnetic envelope solitons in 7.2 pm thick, single-crystal yttrium-iron garnet films have been studied at 5.6-6.0 GHz. Rectangular input pulses with peak powers up to 3 W and pulse widths 5-50 ns were used. Single soliton output pulses with a characteristic increase in amplitude and pulse narrowing are observed when the power or width of the rectangular input microwave pulse exceeds threshold levels. Above these levels, output pulse peak power versus input power or pulse width exhibits a nonlinear increase and shows saturation effects. Multiple peak output profiles are observed for pulse powers and widths well above threshold. Solitons could be formed for all frequencies within the usable, low transmission loss portion of the magnetostatic FVW band. The use of reflected pulses from the film edge made it possible to study soliton decay and soliton collisions. The soliton decay rate was found to be approximately twice the linear rate, as expected from theory. The collision of solitons was found to occur with no significant change in shape and velocity. The various characteristic times from theory for pulse decay, pulse dispersion, nonlinear response, and propagation are found to be consistent with the experimental results.
INTRODUCTION
The unique capability of solitons to preserve their shape during propagation and to emerge unchanged after collision makes them promising for many applications. Optical solitons in fibers,'.' for example, are currently being utilized in long-distance data transmission.s-6
This work is concerned with microwave solitons in magnetic films. The first observation of microwave magnetic envelope (MME) solitons in single-crystal yttrium iron garnet (YIG) films was reported in 1983: In parallel with the development in optics, the study of single and multiple MME solitons in magnetic films is likely to lead to new classes of thin-film high-frequency devices for microwave signal processing. Several different MME soliton configurations have been investigated during the last decade. Bright MME solitons have been observed in YIG films for (a) magnetostatic forward volume wave-(MSFVW) pulses in films with pinned7 as well as unpinned*-" surface magnetic spins, (b) magnetostatic surface wave (MSSW) pulses in films with pinned surface spins," and (c) magnetostatic backward volume wave (MSBVW) packets for films with unpinned surface spir~s.'~.'~ In addition, dark MSSW envelope solitons have recently been generated in films with unpinned spins. " The specific configuration considered here is for forward volume wave solitons excited by short input pulses. Because of the wide frequency spectra of these pulses, the surface pinning conditions are not critically important, and even a film with rather big dipole-exchange notches may be considered as "unpinned." The publications of Kalinikos and co-workerssp9 on solitons of this type have clearly demonstrated the evolution of envelope solitons when the power level of a short 4-45 ns wide input microwave pulse becomes higher than a certain threshold value. This group has " On leave of absence from Institute of Electronics, Bulgarian Academy of Sciences, Sofia, Bulgaria. also reported decay rates for MSFVW solitons which are twice the decay rate' for linear pulses,16 a result expected from theoretical considerations. These experiments, however, did not always involve pure MSFVW signals. An angle was introduced between the static magnetic field and the film normal in order to adjust the conditions of soliton excitation at fixed field magnitude to a single frequency. De Gasperis and co-workerslOpll have also reported on MSFVW solitons in YIG films. These workers used 9-107 ,um thick films and measured the dependence of the output pulse peak power on input pulse power. Pulse profiles were not monitored. A nonlinear increase in the output peak power above some threshold was observed. This threshold was found to scale with the inverse of the square of the input pulse width, as expected from soliton theory. The nonlinear increase in peak power. above threshold was attributed to a decrease of the propagation loss due to soliton formation. Such an explanation is inconsistent with the decay rate results cited above. The nonlinear increase in pulse peak power and decay has been discussed in the context of backward volume wave soliton measurements in Ref. 14. This work addresses the general problem of MSFVW solitons in YIG films with unpinned surface spins and the issues pointed out above. The experiments included both pulse-shape monitoring and peak power measurements. No angle was introduced between the film normal and the static magnetic field, so that pure MSFVW signals were realized. The basic results of the previous publications are confirmed by these new measurements. In addition, several new aspects of MSFVW soliton phenomena are examined: broadband operation, reflection of soliton pulses from film edges, and soliton attenuation and collision.
The experiments were carried out at tixed field and over the low wave-number end of the MSFVW frequency band in a range 5.6-6.0 GHz. Pulse powers up to 3 W and rectangular microwave pulses with 5-50 ns pulse widths were used. The characteristic increase in pulse amplitude and nar-rowing in pulse width associated with soliton formation was observed above threshold, as well as a saturation in the output peak power and the formation of multiple pulse profiles at higher powers. The formation of MSFVW solitons is not critical with respect to frequency within the band of allowed modes. Soliton decay rates were determined from measurements of peak power amplitude as a function of propagation time for pulses reflected from the film edge. In the region of single soliton formation, the decay rates were very close-to twice the decay rates for linear pulses, in agreement with Ref. 16 . The reflection of pulses from the film edge was also used to produce and observe soliton collisions. Collisions resulted in practically no change of shape and velocity for the interacting solitons. In the discussions of all experimental results, comparisons were made with various predictions from theory based on the so-called nonlinear Schrijdinger equation"4v17-21 and various characteristic times*l relevant to linear and nonlinear MME pulse propagation and soliton formation.
Section II summarizes basic theoretical considerations for linear and nonlinear MSFVW MME pulse propagation and establishes the four characteristic times which define the processes of soliton formation and observation. Section III describes the tilm properties; the microwave transducer structure for the generation and detection of MME pulses, the measurement setup, and the procedures used for the measurements. Results on the propagation characteristics of MS-FVW pulses in the linear low power regime are also presented in Sec. III. Section IV presents the measurement results on the propagation, evolution, decay, and collision of the MSFVW MME solitons. The general approach here, as well as the specific notation used below, is the same as in a recent paper14 by the same authors on backward volume wave MME solitons. Reference 14 will be cited frequently throughout this paper. It contains a comprehensive review of backward volume wave, surface wave, and forward volume wave MME excitations in YIG films, a detailed discussion of MME soliton formation, and a complete bibliography.
il. FORWARD VOLUME WAVE MME PULSES AND SOLITONS
This section summarizes basic equations and parameter definitions for MME wave-packet propagation in thin films, conditions for soliton formation from such packets, and the four characteristic times which are important for soliton formation and detection. Figure 1 shows the narrow, end tapered YIG film, the microwave transducer structure used to generate and detect the MME pulses, and the x-y-z geometry for the analytic description of the magnetic response. The YIG film and transducer structure will be considered in more detail in Sec. III. Note that the y direction is into the page. The YIG film is in the x-y plane and a static external field H,,, is applied parallel to the z axis and perpendicular to the film plane. The net static internal field H and the~static component of the magnetization vector M will also be perpendicular to the film plane. This configuration is known to support propagating magnetostatic forward volume waves in the film.'*'" Due to the rotational symmetry with respect to the z axis, any direction can be chosen for the wave vector k. The magnetostatic wave vector k is along to the positive x direction. The structure consists of two planar microstrip transmission lines which narrow down to input and output transducer sections. The long and narrow YIG film on a gadolinium gallium garnet substrate is positioned YIG side down over the transducer sections of the input and output microstrip Iines. The narrow ends of the YIG film are tapered.
In the present case, the use of a long and narrow rectangular YIG film and microstrip transducer lines across the film as shown gives propagation for a narrow range of angles about the x direction. Therefore, k can be assumed parallel to the long dimension of the film. As indicated in the upper diagram, the magnetization response at any point in the sample involves a generally elliptical precession of the total vector magnetization M. The ellipticity is caused by the nonzero divergence of the dynamic magnetization in the direction of propagation. The precession is nearly circular for a small magnitude of the wave vector k. It is also assumed that the magnitude of M at any point in the film is equal to the saturation magnetization M, for the material.
Under the above conditions, the MME wave packet may be described by a complex envelope wave-packet response function u(x,t) defined by m,(x,t)=M,u(x,t)e- '(kx-okt) (1) and m,(x,t) = --iMsu(x,t)e-"kx-wkt), C2) where m,(x,t) and m,(x,t> are the x and y components of the dynamic magnetization associated with the packet, tik the MSFVW carrier signal frequency, and k the wave number at frequency wk. Only the variation of the dynamic magnetization along the propagation direction is considered. The y and z dependencies of the dynamic magnetization are neglected due to the small dimensions of the film along the sample width and thickness. Magnetostatic waves (MSW) in YIG tilms magnetized perpendicular to the film plane were first studied by Damon Oe. The film is taken to have a saturation induction 47rM, of 1750 G. The gyromagnetic ratio for the net electron magnetic moments in the YIG material is taken to have an absolute value y which is the same as for free electrons, 2.8 GHz/kOe. The dispersion curve in Fig. 2 has a minimum frequency point of 5.4.. GHz at k= 0, for the particular choice of H = 1929 Oe. This point is labeled as oH. This frequency marks the bottom of the MSFVW band. The filled circle at ~~-5.6 GHz indicates one particular operating frequency which will be used for most. of the measurements. The portion of the curve between 5.4 and .6.0 GHz is shown by a heavy line. This is the range of frequencies over which the transmission loss for MSFVW signals is small enough to allow propagation of MME pulses and detection of these pulses at the output transducer. These points will be considered in more detail in Sec. III.
The slope of the dispersion curve in Fig. 2 is positive for all values of k. This corresponds to positive values for the slope parameter v~= &3,/tYk as well. This vg is the conventional group velocity for a relatively wide wave packet. A positive vg is the basis for the "forward volume wave" label for this class of MSW signals. The curvature of the dispersion curve is nonzero and negative. It will prove convenient to define a dispersion coefficient as the value of 0; -d2mkldk2 at the chosen operating point. It is clear from Fig. 2 that the dispersion coefficient for MSFVW wave packets is always negative. Both vg and ~6 will be important parameters for MSFVW solitons. For the parameters given above and the 5.6 GHz operating point in Fig. 2 , the theory gives v,=4.76X lo6 cm/s and o;=-2.9X103 cm2/rads. As discussed in Sec. III, it is also possible to determine ~a and w; empirically from propagation time measurements.
The experimental value for vg under the conditions described above and at ok=5.6 GHz is 4.57X106 cm/s. The experimental value of w; is -2.25 X lo3 cm'/rad s. These empirical values will be used for the various estimates and parameters calculated below. Note that "rad". is included in the units specification for w; given above. This convention will be followed for all parameters involving frequency or wave number, as appropriate, to avoid confusion over the 2n factors involved in the frequency conversion between Hz and radls.
The wave-packet carrier frequency wk for low level MSFVW excitations must be within a certain frequency band. The lower frequency limit for this band corresponds to the 5.4 GHz intersection point of the wk vs k curve with the ok axis at k= 0 in Fig. 2 , already identified as oH. In general, for a given value of H, this lower frequency limit is given by OH= yH.
With --yL2.8 GHz/kOe and H= 1929 Oe, one obtains wH=5.4 GHz. The upper MSFVW frequency limit is given by
For the specific YIG parameters and H value given above, and under conditions of low level excitations so that M,wM, is satisfied, wa is approximately 7.5 GHz and so.mewhat higher than the range of frequencies shown in Fig.  2 . The wH and wa limits given above are the same as the limiting frequencies for the low amplitude spin-wave band at k = 0. It is important to note that the operating point in Fig; 2 is relatively close to WH .
Turn now to the effects of increasing power on the MS-FVW excitations described above. The key effect is contained in the change in M, relative to M, as mx(x,t) and mJx,t), and hence, u(n,t), become larger. From the above equations and the condition (MI=M, , one can obtain an immediate connection between M, and M, . To lowest order in jrn,j and Imy], this connection is given by
It is important to note that the static internal field H is also a function of M, . For the film-field geometry shown in Fig. 1 , H may be written as
where the HA term represents an effective anisotropy field and the -47rM, term accounts for the demagnetizing field for the perpendicular-to-plane magnetized thin film. For the relatively high power levels which will be important for solitons, the values of Im,[ and Im,[ will be big enough to have a significant inthrence on the z component of the magnetization and, therefore, on wH and ws as well. The quantity Iu(x,~)[' will turn out to be am important parameter in the nonlinear-response analysis. For convenience, l~(x,t)lz will be termed power amplitude. '4 The usual approach to model the spatial and temporal evolution of the u(x,t) in low-loss, dispersive magnetic films at high power levels involves use of the so-called nonlinear Schriidinger equation." 4~'4"7-21 This equation will be used here as a basis for the introduction of various parameters which are important to the understanding of nonlinear MME pulse propagation in YIG films. The appropriate form of the equation for a long and narrow magnetic film with propagation only in the x direction is i 1 2 i gfVpg+qrU +~U~$-NjUl'U=O.
The left side of Eq. (7) contains three terms. The first term describes damped propagation, the second term adds the effect of dispersion, and the third term brings in the nonlinearity. In the first term, V~ is the group velocity for a relatively wide wave packet as already defined. The 17 parameter denotes the low power relaxation rate for the dynamic magnetization m&t), and the response function u(x,~) as well, associated with the propagating MSW signal. This relaxation rate is a critical parameter in the decay of both linear and nonlinear MME wave packets. The wi factor in the second term, the dispersion coefficient already discussed in connection with Fig. 2 , relates to the curvature of the wk vs k dispersion relation for low amplitude signals. In the absence of other effects, this term leads to the usual dispersion broadening of the wave packet. The N coefficient in the last term on the left-hand side of Eq. (7) is a nonlinear-response parameter defined as the rate of change in the MSW frequency ok with respect to the power amplitude 1 u(x, t) 1 2 and evaluated at [rl(.~,t)j=O: I 3ok N= -. ' 44 (8)
The relative signs of the dispersion coefficient and the N coefficient are critical to soliton formation. The basic effect is due to competing frequency shifts. When the frequency shift due to dispersion, which is proportional to wi, and the frequency shift due to the nonlinear response, which is proportional to N, have opposite signs, one has the possibility of compensation between the frequency shift due to dispersion and the nonlinear frequency shift. This leads to pulse narrowing and soliton formation. This sign condition may be expressed as1t14117*25 o;N-=O.
This condition is sometimes termed the " Lighthill" criterion.9"2 The N parameter may be estimated from the formal response equations given above, under the assumptions that (1) the carrier frequency wk is close to WH, (2) the effect of 1~1" on wk occurs predominantly through the change in M, , and (3) the small change in the anisotropy field HA with I u I 2 has little effect on wk. The result is N= y4?rM,=oM.
The wM parameter in Eq. (10) simply expresses the saturation induction 4rrMs in frequency units. For 43-M,= 1750 G, one has N= oM=4.9 GHz=3.08X 1O1' rad/s. The size of the N coefficient is noteworthy. A value of 10X 10V4 for 1 u [ ', corresponding to a /m//M, ratio of about 3%, leads to a 5 MHz frequency shift in wk. The 1~1' values encountered in the soliton experiments will be on the order of lup= 1-10x 10-4. Under conditions for which the Lighthill criterion is satisfied, one may obtain analytical pulse solutions to Eq. (7). 26,27 In the MSFVWcase of interest here for YIG films with unpinned surface spins and for small damping, the single pulse solution may be written in simplified form as ('u(x,t) 
In this expression, the difference between the soliton velocity and the linear group velocity vg has been neglected.8
The hyperbolic secant pulse shape described by Eq. (11) embodies several basic soliton characteristics which will be important in the experiments. First, note that the initial amplitude at t= 0, u,, , and the corresponding temporal width Te of the 1 u(x,t)l pulse at x = 0 are related 1 w; chl12= 3 N -I 1
This connection demonstrates the nonlinear eigenmode characteristic for solitons. According to Eq. (12), one may produce a single soliton only for a specific relationship between pulse amplitude and width. If one goes to either lower amplitudes or narrower pulses, one no longer has the proper conditions to produce the soliton pulse and one sees only the usual dispersion broadening expected in the linear regime. If one goes to either higher amplitudes or wider pulses, the proper conditions to produce a single so&on pulse are also not satisfied. In this case, one observes multiple soliton pulses. These effects were demonstrated experimentally for MSBVW solitons in Ref. 14. Related pulse power and pulse widths effects for MSFVW solitons will be demonstrated by the experiments presented below. Second, note the decay characteristics for the pulse described by Eq. (12). The amplitude of the pulse, given by u0e -'v decays at a rate 277. The decay rate for low amplitude pulses in the linear regime is simply 7. The decay rate for solitons, therefore, is twice the rate for linear signals. As already indicated, this factor of 2 increase in decay rate for MSFVW solitons was observed experimentally by Kalinikos and co-workers.r6 br the present work, the effect is confirmed from decay measurements on soliton pulses reflected from the film edges.
Finally, note that the single soliton condition of Eq. (12) is a function of the dispersion parameter 01,. the nonlinearresponse N parameter, and the group velocity vg . The soliton condition will be determined by the values of these parameters at the (ok ,k) operating point Of inkreSt. In order t0 minimize propagation time and propagation loss, one generally chooses an operating point with a relatively large v~, For MSFVW pulses, this corresponds to an operating point close to wH, as in Fig. 2 . One of the new results of this MSFVW so&ton study is in the generation and detection of similarly behaved solitons over a frequency range which extends significantly above OH, corresponding to the 5.4-6.0 GHz range shown in Fig. 2 . This result will be discussed in terms of the frequency dependence of the w;, N, and vg parameters and the corresponding conditions for soliton production.
The same basic single soliton T~]u,,]~ critical product result discussed above can be obtained from more physical and somewhat less formal arguments based on the various characteristic times for MME pulses.14 This section is concluded with a brief discussion of these times. Such characteristic times are used extensively for optical solitons.21 These times will play an important role in the interpretation of the experimental MSFVW soliton results. Four characteristic times are involved, a relaxation time T,, a dispersion time Td, a nonlinear-response time T,, and a propagation time Tp .
The relaxation time T, is the l/e decay time for lu(x,t)] associated with relaxation at low amplitude T;= ll?jT (13) As discussed 'in Sets. III and IV, low power pulse decay measurements can be used to determine the relaxation rate 7 and, hence, T, . The present measurements give 77=5.2X lo6 rad/s and T, = 19 0 ns. A dispersion time Td may be defined as the time for a pulse of width To to double in width because of dispersion. If the frequency spread for the pulse is taken as l/T,, and the change in group velocity over this spread is then estimated at w~I vgTo , one obtains -.2w2 T+$.
Based on the values of V~ and CC$ cited above, one obtains Td(ns)=9.3[To(ns)12. Note that an initial pulse width below T,=5 ns' is needed for the dispersion time Td to fall below the relaxation time T, = 19 0 ns given above. In a similar manner, a nonlinear-response time T, may be defined as the time required for the phase of the MME pulse carrier signal to change in phase by w radians when the power amplitude is increased from some very low value to' some ]u,,]~. This characteristic time is
For the numerical value of N given above, one obtains T,(ns)=1020/[]u0]2X104J.
In order for the nonlinearresponse time to fall below the relaxation time given above, ]u,-J' must be greater than 5X10F4. This corresponds to a dynamic magnetization amplitude on the order of a few percent of the saturation magnetization M, . It is clear, therefore, that nonlinear effects are possible for relatively low amplitude MME signals.
The propagation time Tp is simply the time required for the pulse to travel between the input and output transducers in the experimental setup. For the arrangement in Fig. 1 , with a transducer spacing L, Tp is given by Tp=LIIvgl. (16) For the transducer spacing of 0.4 cm for the present experiment, the measured propagation time for MSFVW pulses at 5.6 GHz and under conditions shown in Fig. 1 is 87.6 ns. This time was the basis for the empirical v9 value cited above. Note that this propagation time is about a factor of 2 smaller than the relaxation time given above. In addition, this Tp is in the 'same range as the dispersion and nonlinearresponse times obtained above for pulse widths in the 5 ns range and power amplitudes in the ]~a]~~5 X 10m4 range. It is clear, therefore, that nonlinear MME pulses observed experimentally must be interpreted with care. All the characteristic times are comparable in size.
As indicated at the beginning of this characteristic time discussion, these times also lead to a T~]zQ,[~ critical product for solitons. This result is obtained from the realization that the nonlinear phase change can compensate for the dispersion spreading only if the nonlinear response time T,, is smaller than the dispersion time Td. As in Ref. 14 the condition T,CTd can be used to-obtain a minimum value of the T$u,12 product for soliton formation. The condition T,= T,
which is the same as Eq. (12) except for a factor of rr. A formal analysis which explicitly takes the possibility of exciting more than one soliton" gives a more general critical product expression,
where II is an integer which denotes the number of solitons. Equation (17) has the same basic form as Eq. (12), but with an additional (n -1/2)27rz factor. Based on the numerical values for the various parameters given above, Eq. (17) may be cast in more practical form as
Equation (18) demonstrates the scale of pulse widths and power amplitudes which are needed to produce solitons. The single soliton p1= 1 critical product [T~~u,~"x 104] =86 ns2, for example, gives Iz~a]~~lO-~ at T,=lO ns. From the other conditions given above, one also has Td-930 ns and T,= 1020 ns. These later two times are significantly greater than the relaxation time of 190 ns or the propagation time of 90 ns. This means that whatever nonlinear solitonlike pulses are observed experimentally, the measured single soliton signals under critical product conditions correspond to solitons which are only in the initial stages of formation.
From Eq. (18), the critical product increases rapidly as the soliton number index n is increased. Values of the [T$uo12~ lo'] critical products for two, three, and four solitons are 780, 2160, and 4240 ns', respectively. The multiple soliton situation will depend on whether one satisfies the higher critical product requirement by increasing the power, and hence ]~a]~, or by increasing the pulse width. As /~a( increases, the nonlinear response time T,, wilI decrease. Since T, corresponds more or less to the soliton formation time, one will be observing a soliton farther and farther along in its formation process. If, on the other hand, one increases To to increase the T$uo (' product , this serves only to increase the dispersion time while leaving T, and the soliton formation time unchanged.
From the perspective of soliton formation time relative to the propagation time, it is useful to define one final critical parameter, a critical power amplitude IzQ,[& at which T,, will fall below Tp. For the numerical values listed above, this condition yields luaj&X 104= 11.6. This means that under the MSFVW conditions established above, a power amplitude ~zQ]~ on the order of 1OX1O-4 or greater, corresponding to a dynamic magnetization on the order of 3% of M, or greater, will guarantee that the so&on formation time is smaller than the propagation time. Under these conditions, one would expect to see more-or-less completely formed solitons in the experiment. This limit on ju,[' translates into critical pulse widths of 3,8, 14, and 19 ns for one, two, three, and four soliton signals.
It is important to realize that none of the above limits represent hard conditions on either the creation or the observation of soliton behavior. The various characteristic times are defined somewhat arbitrarily, in terms of a l/e decay for T, , a doubling in pulse width for Td , and a phase change of n-for T, . Other definitions could have been used as well. The critical product from Eq. (18), for example, represents more a rule of thumb than a definite threshold for n solitons. The propagation time constraint, moreover, simply means that whatever behavior is observed may correspond to incomplete soliton formation if T,, is well above Tp .
In concluding this section, consider &rally the conditions to avoid first-order spin-wave instability effects.= The main requirement here is that there be no available spin-wave states at one-half the excitation frequency. In the present situation, shown in Fig. 2 , the bottom of the MSFVW dispersion curve and the bottom of the spin-wave band are at 5.4 GHz. The highest frequency at which soliton signals were observed in the experiments was 6 GHz. The 3 GHz halffrequency point for such signals is well below the bottom of the band. First-order spin-wave instability effects are not important here.
III. EXPERIMENT AND LOW POWER MSFVW PROPAGATION MEASUREMENTS
This section describes the experimental arrangement for the excitation of MSFVW wave packets in YIG films and the low power characterization of MSFVW signals. The experiments were performed at room temperature and utilized a YIG film microstrip magnetostatic wave transducer line structureI in the forward volume wave configuration as shown in Fig. 1 . Section IIIA describes the experimental setup. Section III B gives results on the linear MSFVW wave-packet propagation characteristics for the structure. As for the MSBVW measurements in Ref. 14, these results provide a check on the nature of the magnetostatic wave signals under study and yield an empirical determination of two key MSW parameters introduced in Sec. II, vg and 0;. Section III C gives a summary of the basic parameters and operational relations important for the MSFVW soliton measurements and analysis.
The MSW transducer structure shown in Fig. 1 was used in the experiments. Standard input and output 50 n microstrip transmission line sections connect to transducer line sections under the YIG film which are 2.5 mm long and 50 ,um wide. These lines are on the top surface of a RT/Duroid@ laminate dielectric substrate with a conducting ground plane backing. The separation between the input and output transducer lines is 4 mm. Most of the measurements were carried out on one 2 mmX 15 mm YIG film sample. As shown schematically in Fig; 1 , the ends of the-2 mmX 15 mm strip were tapered in order to reduce unwanted reflections. The sample was positioned with the center section of the strip over the transducers as indicated in Fig. 1 . The MSW signals were propagated parallel to the long direction of the sample from one transducer to the other. As already discussed in Sec. II, the assembly was placed in a static external magnetic field perpendicular to the plane of the film. This configuration corresponds to the forward volume wave configuration described in detail in Sec. II. Some experiments used a different 2 mmX12.5 mm YIG strip with carefully prepared rectangular ends rather than tapered ends, and with the film shifted to position the output transducer closer to one end of the strip. In such a configuration, MSW pulses could be detected by the output transducer before and after reflection from the end of the strip.
A. Experiment
The microwave measurements utilized the same equipment described in Ref. 14. Figure 3 shows the block diagram of the overall setup. The key elements are the HP83640A synthesized microwave source, the fast GaAs microwave switch, and the HP71500A microwave transition analyzer. The fast switch allows for the production of microwave pulses with widths down to 2-3 ns and rise times below 1 ns. The HP715OOA analyzer can be operated both as a network analyzer and as a fast digital sampling oscilloscope. This dual mode of operation is useful for the in situ study of the transducer structure, MSFVW transmission loss and passband properties, and MSFVW pulse propagation. The YIG films used in this work were provided by Dr. J.
For measurements in the time domain, the synthesized D. Adam, Westinghouse Research and Development Center, source provides the cw carrier signal, while the pulse genPittsburgh, Pennsylvania. They were grown on (111) plane single-crystal gadolinium gallium garnet substrates by the method of liquid-phase epitaxy (LPE).= Film thicknesses were estimated from the LPE processing parameters. The results presented below are for samples cut from one particular LPE sample with a 7.2 ,um thick YIG film. Similar results were found for other films of comparable thicknesses. The films were characterized by a ferromagnetic-resonance (FMR) technique at 9.5 GHz for both in-plane and perpendicular-to-plane static fields and different size rectangular samples. These FMR spectra, while complicated, were consistent with the magnetic parameters given above, a film in the (111) crystallographic plane film, and a small contribution to the net static internal magnetic field H due to the cubic magnetocrystalline anisotropy. From the low power cw MSFVW measurements on the actual transducer structure, discussed below, this anisotropy field was set at -65 Oe. The peak-to-peak derivative linewidths for the low-order magnetostatic modes in the in-plane field FMR configuration at 9.5 GHz were about 0.35 Oe. erator and the switch provide for the generation of pulses. Typical operation utilized a 1 kHz repetition rate and pulse widths up to 100 ns, for a duty cycle below 0.01%. Such low duty cycles were adequate to avoid heating effects. For frequency domain measurements, the synthesizer provides a variable frequency cw microwave signal source with the microwave switch maintained in the "on" mode.
B. Linear MSFVW propagation parameters Figure 4 shows an experimental transmission loss versus frequency curve for the MSFVW signal through the transducer structure measured at power level of about 1 mW and with an external static magnetic field of 3744 Oe. This field value was selected to position the low-frequency cutoff point at the oH frequency point of 5.4 GHz. This cutoff is indicated by the vertical arrow in Fig. 4 and the "We" label. The transmission passband from this cutoff up to about 6 GHz is evident in the figure. Above 6 GHz or so, the decrease in coupling efficiency from the microstrip transducer. to high wave-number spin MSW signals and the lower group velocity for the propagating MSFVW excitations push the detected signal below the background signal for the structure. The solid point at 5.6 GHz indicates the operating point already discussed. This point is positioned 200 MHz above the bottom of the passband. The shape of the transmission loss profile for the MSFVW signals in Fig. 4 is not as simple as one would expect from the dispersion curve in Fig. 2 . The profile shows two complicating features. The first complication is in the spurious ripple which is superimposed on the transmission curve. This ripple is due to interference of the MSW signal with microwave leakage through the structure. The second complication concerns the pronounced notches evident in Fig. 4 . These notches are due to dipole-exchange gap effects. These gaps occur where the main MSFVW dispersion branch shown in Fig. 2 crosses the various higher-order exchange branches of the dispersion."4 If there was no pinning, these gaps would be so narrow that they would be unresolved on the scale of Fig. 4 . Surface spin pinning widens the gaps and leads to notches in the transmission loss profile. '3'29'30 The notches in Fig. 4 , while distinct, are smaller than the notches for films with pronounced surface spin pinning.30 The experiments described below involve short, 5-50 ns wide pulses. The 20-200 MHz frequency broadening for such pulses, to be discussed in more detail below, is much bigger than the narrow dipole-exchange gaps in Fig. 4 . The moderate pinning apparent in Fig. 4 , therefore, has no practical effect on any of the results considered below.
In connection with the above remarks on pinning, it is pertinent to note that these same films were used for the work on backward volume wave solitons and dark surface wave solitons reported previously.'4s'5 The films were taken to be unpinned in both cases. In the backward volume wave case, the presence of pinning does not produce dipoleexchange gaps and would have little effect on the solitons. In the surface wave case, the measured transmission loss curves showed very small notches, even smaller than in Fig. 4 . Here, too, pinning effects are negligible.
As already noted, the value of the static external magnetic field required to position the oH band edge for the data in Fig. 4 at 5.4 GHz is 3744 Oe. From Eq. (3), and with the y value of 2.8 GHz/kOe already cited, 5.4 GHz corresponds to a net static 'internal field H= 1929 Oe. Equation (6) with these H and Hext values, and with 4?rM, = 1750 G, gives an effective anisotropy field HA= -65 Oe. This negative HA value is consistent with FMR measurements on these same films with the static magnetic field perpendicular to the film plane. If HA is due only to magnetocrystalline anisotropy, one would expect HA values for [ill] magnetized MC in the range +80 to f90 Oe. It appears that the full anisotropy ' includes other effects such as stress and growth-induced anisotropies.
The characteristic MSFVW dispersion curve of frequency am versus wave number k which corresponds to the transmission loss profile of Fig. 4 was shown in Fig. 2 and discussed in Sec. II. Comparison of the frequency scales for Figs. 2 and 4 shows that the observable passband upper limit in frequency of 6 GHz or so corresponds to wave numbers of about lo3 rad/cm. The corresponding wavelength is about the same as the 50 ,um transducer width. MSW signals at higher wave numbers and shorter wavelengths are not exchange gap effects evident from the sharp notches in the cw loss profile of Fig. 4 . The solid line shows that the vs vs w result derived from the basic MSFVW dispersion curve with no gap effects gives propagation times which are in reasonable agreement with the measurements. The group velocity V~ at the 5.6 GHz operating point, as obtained from the measured propagation time of 87.6 ns and the transducer spacing of 4 mm, is 4.57X106 cm/s. strongly excited. The operation frequency for most of the experiments was chosen at 5.6 GHz, as indicated by the solid dot in Fig. 4 . This operating point was selected to be close to the low-frequency edge of the passband, where the attenuation is lowest, and still be far enough from this edge to keep the spectral content of the signal for narrow pulses above the tin cutoff. An operating point 200 MHz above the band edge at uH =5.4 GI-Iz makes it possible to use pulse widths as low as 5 ns and still keep most of the microwave spectral content of the pulse within the passband. In addition to measurements of the transmission loss versus frequency profile, the propagation time between input and output versus frequency was measured for low power MSFVW pulses under the same field conditions as in Fig. 4 . From the propagation time at any given frequency, one can determine the group velocity ve . From the change in propagation time with frequency, one can determine the dispersion coefficient 0;. Figure 5 shows representative measurements of the MSFVW pulse propagation time Tp versus frequency o for the transducer structure already discussed, the same perpendicular-to-film magnetic field as before, 150 ns wide MSW pulses, and a pulse peak power level of 1.5 mW. The measurements are indicated by the solid circles. The solid curve represents the calculated propagation time based on group velocities calculated from the slope of the theoretical MSFVW dispersion curve as a function of frequency. The dashed curve represents a smoothed curve fit to the data.
The data in Fig. 5 show some residual structure due to the notches in the propagation loss versus frequency profiles already discussed. This structure is somewhat washed out because of the pulse nature of the measurement. For the 150 ns pulse used for the propagation time measurements, the microwave spectral width is about 15 MHz. This means that the V~ values in Fig. 5 represent average values over this spread in frequencies. This averaging tends to wash out the Turn now to the dispersion parameter ~1. The dispersion scaleswith the Tp vs o response according to 01
-(L2/T3j(dT /do). In order to determine the ;dT,ldo) slgpe p:ameter from Fig. 5 which is appropriate to soliton experiments at any given operating point, it is important to keep in mind the averaging effects due to the finite pulse width already discussed. In the case of the 150 ns pulses used for the Tp vs w measurements in Fig. 5 , the averaging is sufficient to wash out most but not all of the exchange gap effects. For the pulse widths in the 5-50 ns range which are used for the soliton experiments, the spectral width averaging effects will be even more significant:For this reason, the smoothed curve fit to the data shown by the dashed line in Fig. 5 will be used to determine (dT,ldw). This empirical slope, in'practical units, is 60 ns/GHz, compared to the theoretical slope of 68 ns/GHz. The empirical slope at the 5.6 GlIz operating point, along with the measured value of Tp, gives wi = -2.25 X IO3 cm2/rad s. The theoretical value from the solid curve in Fig. 5 is -2.9X lo3 cm%ad s.
It is clear from the above that 01 cannot, in the present situation, be determined with much precision. It has already been pointed out in Sec. II, in connection with the discussion of characteristic times, critical products, and soliton thresholds, that none of the analytical or numerical limits represent hard conditions on either the creation or the observation of soliton behavior. Except for Iuu/&, those limits all depend on wi in some fashion. ln view of the uncertainty in determining o;, these limits must be viewed with even more caution. They should certainly not be taken as rigorous limits for solitons.
C. Summary of parameters
The various parameters discussed above, as well as the working relations for the characteristic times, critical products, and critical amplitudes, are listed in Table I . Where appropriate, the units for frequency and wave number are taken to include explicitly the 2~ factor, with frequency parameters in radls and wave numbers in rad/cm. &umerical values of parameters have been rounded to represent nominal values. For the results presented below, initial pulse widths, denoted by To, will generally be on the scale of tens of nanoseconds and power amplitudes, denoted by (L+,(~, will generally be in the range 1-1OX1O-4. Table I shows To and other characteristic time values in nanoseconds and iu012 values in units of 10m4.
IV. EXPERlMENTAL RESULTS
As with the MSBVW solitons considered in Ref. 14, several different experiments were carried out to investigate MSFVW envelope soliton development. In the basic measurement, the T~j~u[~ product for the initial input pulse was increased in a systematic way, output pulse profiles were measured, and soliton properties were noted. One set of such measurements was done by keeping the width of the input pulse constant while increasing the input peak power level. For the second set, the input peak power level was held constant while the input pulse width was increased. In both cases, it was possible to observe the formation of sharp and narrow soliton pulses, followed by the successive formation of multiple peak pulses corresponding to multiple solitons. Further measurements were then made of the output pulse peak power versus input pulse power and input pulse width, respectively. The measurements gave thresholds for soliton formation which were consistent with theory. As indicated in Sec. II, one characteristic of solitons is an increase in the decay rate by a factor of 2 above the linear decay rate. Decay rates were determined for MSFVW pulses in both the low power linear regime and in the soliton regime. These determinations were made, as noted above, from output pulse measurements before and after reflection from the end.edge of the YIG film strip. It was also possible to perform these edge reflection experiments with two single soliton pulses and observe, thereby, solitons after passing through each other.
A. Experiments i'or constant input pulse width Figure 6 shows a series of input and output power profiles for fixed input pulse width and increasing power. The pulse width was held constant at To== 10 ns. Traces (a)-(d) show profiles for input pulses with average powers of 0.16, 0.9,2.0, and 2.8 W, respectively. These values were obtained by averaging the input pulse power over the duration of the pulse. The strict values of the peak input powers are slightly higher. Note also that the power scales for the input pulses are in watts, while the power scales for the output pulses are in milliwatts. The input pulse width of 10 ns is not critical in the experiment. It was chosen here to demonstrate the initial development of a single soliton at a reasonable power level as well as the stages of multiple soliton formation at the highest power levels available in the experiments. With shorter pulses, the single soliton peak does not appear until one reaches power levels near the limit of the present system, while longer pulses tend to produce multiple peaks before the single peak profile is fully developed. Note that the propagation time for all power levels is about 90 ns, the same as for the linear low power regime. Trace (a) in Fig. 6 , for an input average power of 0.16 W, shows no pulse steepening or narrowing. At this low power, the response is in the linear region. The dashed line shows the output profile expanded by a factor of 10 on the power scale. The output pulse has about the same 10 ns width as the input pulse. When the power is increased to 0.9 W, as shown in trace (b), one sees an almost proportional increase in the output pulse height and the same basic shape as in (a). When the input power further increased to 2.0 W, as in trace (c), a steepening and narrowing occurs for the output pulse. This characteristic narrowing and steepening is one indication of soliton formation."7-9'14 The width of the output pulse is now about 2-3 ns, significantly narrower than the input pulse width. The output profile in trace (c) also shows a much smaller second pulse. This may indicate the beginning development of a second soliton peak, The effect of higher power on these two peaks is shown in trace (d), at 2.8 W. Even though there has been a 40% increase in input power, 
FIG. 7. Measurements of output peak power P,,, vs input pulse peak power P, for a series of pulse propagation experiments with the YIG Elm transducer structure of Fig. 1 in the MSFVW configuration and with the input pulse width Ta held constant at 10 ns. The film thickness was 7.2 pm and the external applied field was 3744 Oe. The carrier frequency was 5.6 GHz. The solid circle data points are connected by a smooth curve. The dashed line indicates the linear dependence extrapolated from the low power response below Pi,=0.4 W.
the first peak has grown by only 20%. The second, smaller peak, on the other hand, has grown somewhat, relative to the first peak. The fact that the frrst peak is beginning to stabilize in amplitude indicates that the formation process for the first soliton is nearly complete. While Fig. 6 shows that one does achieve pulse sharpening and narrowing with increasing power, as well as multiple pulses, these profiles in themselves do not show any clear threshold effect. De Gasperis et aZ.,lO1ll Chen et al.,14 and Nash et aL3r have shown, however, that measurements of output peak power versus input peak power at constant pulse width can yield quantitative determinations for soliton thresholds. Measurements similar to those shown in Fig. 6 were used, therefore, to obtain response-curves of output peak power P,,, versus input peak power Pi, at constant pulse width. Representative results for the same input pulse length of 10 ns used in Fig. 6 are shown in Fig. 7 . The filled circles represent the data. The solid lines connect the data points. The dashed line represents a linear best fit to the data for the lowest input peak power values. Figure 7 shows that for input peak powers below about 0.4 W the output peak power response is linear. For input peak powers above 0.4 W, the data show a clear departure from this linear response. The break point at P,=O.4 W is indicated by a vertical arrow. Note that this transition from a linear to a nonlinear response occurs at a power which is well below the input peak power level at which the steepening and narrowing effects become obvious from the actual output pulse profiles in Fig. 6 . As the input power level moves-into the regime where steepening and narrowing occurs for the observed output pulses in Fig. 6 , the output peak power continues to increase. There is an inflection point of sorts at Pi,=2-2.5 W, and the beginnings of an apparent leveling off or peak in the response at powers above 3 W.
The nonlinear increase in the output peak power at a relatively low value of the input peak power is similar to the result found for MSBVW solitons in Ref. 14. The present results also confirm the threshold effect reported in Refs. 10 and 11. for MSFVW pulses. The nonlinear increase in the output peak power above threshold, however, is not due to a reduction in losses, but rather, is due to the pulse steepening and narrowing.14 However, the data in Fig. 7 do not show a peak in Pout vs Pin at higher powers as found for MSBVW solitons. Those data showed a significant drop in the output peak power for input peak powers above 2 W or so. In the present MSFVW case, one sees only the beginnings of such a turnaround, if any. Any quantitative interpretation of the data in Fig. 7 , however, is complicated. Not only is the Tg[uo12 product increasing as the peak input power is increased, so that the various soliton thresholds are exceeded one by one. At the same time, the nonlinear response time T, is decreasing as the peak input power is increased. This decrease means that at the fixed propagation time of 90 ns, one is seeing, as Pi" increases, the soliton profile later and later in its formation process. This matter of soliton evolution will be considered in more detail shortly.
Following the approach in Ref. 14 for MSBVW solitons, one can associate the initial break at Ph=0.4 Was the single soliton threshold and then use the single soliton critical product condition T$uoj2X 104=86 ns2 to estimate a power scaling factor. One obtains a power scaling factor IUO12X104/Pi,= [(86/10*)/0.4 W]=2.2 W-l. In Ref. 14, however, this condition was coupled with an additional association for the point at which the output peak power versus input peak power data exhibited a peak. The data in Fig. 7 show no peak, but only indicate the possibility of a peak at some value of P, in excess of 3 W. If, following Ref. 14, one assumes that a peak in Pout vs Pi, should occur at the point in input peak power for which the condition T, = Tp is satisfied, the scaling factor obtained above yields an expected peak position at Pinw5.3 W. Such a peak, at least, is not inconsistent with the data.
It is useful at this point to consider the results in Figs. 6 and 7 in terms of the various characteristic times and critical product sqliton thresholds established in Sec. II. First of all, the input pulse width To= 10 ns translates into a characteristic dispersion time T,p930 ns. This means that on the time scale of the measurements, with a propagation time T,=90 ns, one should see no dispersion effects. This expectation is supported by the trace (a) profiles in Fig. 6 . The output pulse, while not square, still has about the same width as the input pulse.
Second, consider the characteristic nonlinear-response times associated with the results shown above. The working equation in Table I , T,= 102O/]~,]~X 104, in combination with the power scaling factor l~~]~~lO~/P~=2.2 W-', translates into a nonlinear-response time T,(ns) =[460/Ph(W)]. As far as the results in Figs. 6 and 7 are concerned, this means that T, is decreasing as the input peak power Pi, is increasing. Based on the parameters given above. T, does not drop below the propagation time T,==90 ns until the input peak power exceeds about 5 W. It is clear, therefore, that the evolution of pulse shapes shown in Fig. 6 and the output peak power versus input peak power data in Fig. 7 correspond to a situation in which the soliton forma-tion time is continuously decreasing but is always greater than the propagation time. At the Pi,~3 W limit for the experiment, the nonlinear-response time is about 150 ns, still 50% greater than the propagation time. This means that a simple interpretation of the peaks in Fig. 6 or the data in Fig.  7 in terms of soliton thresholds is difficult as best.
Consider, for example, the expected thresholds based on the power scaling factor established above and the observed response above these thresholds. That power scaling factor, the To= 10 ns input pulse width, and the critical product recipe in Sec. III give threshold Pi, values of 0.4, 3.5, and 9.8'W, respectively, for n = 1) n = 2, and p1= 3 solitons. For n = 1, the threshold power of 0.4 W was, of course, the basis for the power scaling in the first place. At P,=O.4 W, however, the nonlinear-response time T, is 1150 ns and still well above the propagation time. This means that the increase in the observed Pout, as Pi, increases above 0.4 W, corresponds to the soliton very early in its formation process. The actual increase is due to a combination of two factors, the increasing power and the decreasing nonlinear-response time T,, .
Apart from these considerations for the n = 1 single soliton case, there are no clear one-to-one correlations between the features in the Fig. 6 and Fig. 7 data and the soliton threshold powers listed above for more than one soliton. The estimated threshold power for two solitons is just at the limit of the power available in the experiment. The second peak evident in Fig. 6 may be due to a second soliton. The estimated threshold power for three solitons is well above the maximum power in the experiment. There are no clear multiple soliton effects evident from Fig. 7 .
B. Experiments for constant input pulse poier
In the second set of experiments, the input peak power level was held constant while the input pulse width was increased. A representative set of input and output pulse profiles for this procedure is shown in Fig. 8 . Traces (a)-(f) show measured power input and output .pulse profiles for input pulses'with widths of 4, 10, 17, 26, 36, and 48 ns, respectively, at a peak power level of approximately 2 W. Here, as in Fig. 6 , the power scales for the input pulses are in watts, while the power scales for the output pulses are in milliwatts. Note also that the propagation time for all power levels is about 90 ns, the same as before.
Trace (a) in Fig. 8 , for an input pulse width of 4 ns, shows no pulse steepening or narrowing. At this width, the .response is in the linear, dispersive region. The dashed line shows the output profile expanded by a factor of 5 on the power scale. The output is broad and somewhat wider than the input pulse: When the pulse width is increased to 10 ns, as shown in trace (b), one sees the steepening and narrowing which is characteristic of soliton formation. Trace (b), moreover, corresponds directly to trace (c) in Fig. 6 . When the input pulse width is further increased to 17 ns, as in trace (c), the initial soliton output pulse is almost unchanged and one sees the formation of a second pulse. With the further increase of the input pulse width, a three peak MME soliton pulse is formed at 26 ns and a four peak pulse is formed at 36 ns, as shown by traces (d) and (e), respectively. In the case of even longer pulses, as shown by trace (f) for 48 ns, the mul- tiple peaks may no longer be clearly distinguished. Note also that as the pulse width increases, the first soliton peak, once formed, undergoes only small changes and basically remains the same. In parallel with the Pout vs Pi, measurements for a fixed pulse width, a useful follow up to the pulse proflles in Fig. 8 is to measure the dependence of the output peak power P,,, on the input pulse width To at fixed input power. Figure 9 shows the results of such measurements carried out at an input power level of 2 W, the same as for the pulse profiles in Fig. 8 . The filled circles represent the data. The solid lines connect the data points. The initial increase of output peak power with increasing input pulse width when To is small is due mainly to the decreasing influence of the dispersion as the pulses widen and their frequency spectrum narrows. The rate of increase in P OUt with To becomes more rapid for To in the 5-10 ns range. The measured Pout reaches a peak near To = 12 ns, decreases, and then levels off for pulse widths above 15-20 ns or so.
The data in Fig. 9 reflect the basic trends shown by the actual pu1s.e profiles in Fig. 8 . As was done for the constant input pulse width measurements, it is useful to consider the Fig. 8 and Fig. 9 results in terms of the applicable characteristic times and threshold conditions. Based on the power scale factor of 2.2 W-', the Pi,=2 W condition applicable to 
FIG. 9. Measurements of output peak power P,,, vs input pulse width 2'" for a series of pulse propagation experiments with the YIG film transducer structure of Fig. 1 in the MSFVW configuration and with the input pulse peak power Pi" held constant at 2 W. The tilm thickness was 7.2 pm and the external applied field was 3744 Oe. The carrier frequency was 5.6 GHz. The solid circle data points are connected by a smooth curve.
Figs. 8 and 9 gives a ]uel'X lo4 ~value of 4.4. This power amplitude gives a nonlinear-response time T,m230 ns, more than a factor of 2 longer than the propagation time at the point of detection, T,=90 ns. This means that for Pi,=2 W, one is always below the power level for the detection of fully formed solitons at the output transducer. This 1 reel 2 X 1 O4 value of 4.4 may also be combined with the critical product condition to obtain threshold input pulse widths for n= 1, n = 2, etc., solitons. One obtains a single soliton threshold pulse width of about 5 ns, a two soliton threshold width of 13 ns, a three soliton threshold of 22 ns, etc. The single soliton threshold time of 5 ns matches, more or less, the appearance of a soliton pulse at To = 10 ns as shown in Fig. 8 and the increase in the P,,, vs To rate of response in the 5-10 ns range in Fig. 9 . The 13 and 22 ns widths also match, more or less, the two peaked and three peaked profiles in Fig. 8 and the features in Fig. 9 . As in the fixed pulse width results, one does not expect to see pronounced soliton threshold effects. As already indicated, the measurements correspond to solitons quite early in their formation process.
C. Solitons at different frequencies An important parameter for possible MME soliton device applications is bandwidth, or the range of frequencies within the MSW band for which soliton pulses can be launched and detected. The work discussed above was for a frequency of 5.6 GHz, 200 MHz above the bottom of the MSFVW band. The question of interest here is soliton propagation at higher frequencies. The ultimate limit is the top of the MSFVW band at wg. As already indicated, this cutoff in the present situation is at about 7.5 GHz. As shown in Fig. 4 and discussed above, however, the useful range of frequencies is only from 5.4 to about 6 GHz. Above 6 GHz, the low values of the group velocity vg and the weak stripline coupling to the high k modes lead to a high transmission loss and essentially no usable signal. The purpose of the measure- ments presented below is to demonstrate that soliton pulses can be obtained over the entire useful MSFVW passband from 5.4 to 6 GHz. Figure 10 shows the results of the experiments carried out at various frequencies within the useful MSFVW passband. As before, the static external magnetic field of 3744 Oe was maintained constant and perpendicular to the film plane for all measurements. Four traces are shown in Fig. 10 , for carrier frequencies of 5.5, 5.6, 5.7, and 5.8 GHz. The input pulse width To was held constant at 12 ns. The input peak powers ranged between 2 and 3 W. It was necessary to increase the peak power somewhat as the frequency was increased to compensate for the increase in transmission loss evident from Fig. 4 . The differences in the amplitude and shapes of the soliton output pulses are due mainly to the increase in transmission loss with frequency. The propagation times ,are essentially the same as indicated in Fig. 5 . All of the output pulses in Fig. 10 have sharp profiles which are similar to the output profiles in Figs. 6 and 8, and may be taken to represent solitons. These results show that one can produce soliton pulses over the entire useful MSFVW passband.
The basic comparisons of Sets. IV A and IV B, in terms of characteristic times and critical products, apply here. One must, however, be careful to take into account the changes in the group velocity vg, the dispersion parameter WI, and the N parameter with frequency. Recall that the N parameter specified by Eq. (10) corresponds to @k = oH. If one takes these changes into account, and keeps the power scale factor at 2.2 W-r, one obtains nonlinear-response times which range from 260 ns at 5.5 GHz to 180 ns at 5.8 GHz. The corresponding propagation times range from 90 to 110 ns. This means that, as for the 5.6 GHz results, the soliton pulses at detection are not fully developed. The 5.6 GHz power scale factor of 2.2 W-l gives a single soliton power threshold at T,= 12 ns which ranges from 0.44 W at 5.5 GHz to 0.33 W at 5.8 GHz. These thresholds are well below the Pi" values shown in Fig. 10 . One also needs to keep in mind the fact that the wave number of the MSFVW carrier signal is increasing with frequency and the coupling between the input transducer and the film is decreasing. This will cause the power scaling factor to decrease with increasing frequency and increase the soliton power thresholds.
The trend of the output pulse amplitude to decrease as the frequency increases is due to a combination of factors. The main factor is in the rapidly decreasing group velocity and the corresponding decay in the amplitude of the propagating pulse due to relaxation. In' addition to the direct etfect on output signal, this decay in amplitude can also push the pulse out of the soliton regime and back into the linear regime. 'Furthermore, the changes in the characteristic times, critical power levels, and the power scaling factor with frequency affect the amplitude of the detected soliton pulse. The interplay of factors here is clearly complicated.
D. Soliton propagation loss
This section on experimental results is concluded with a different type of measurement. This measurement is based on the ability to launch MME pulses at the input transducer and detect the pulses as they pass the pickup transducer, as before, but then allow these forward traveling pulses to reflect off the end of the YIG film strip and be detected a second time as they travel back in the reverse direction. In order to achieve a reasonable reflection coefficient, the YIG strip with tapered ends, as shown in Fig. 1 , was replaced by a YIG strip with a square end and carefully prepared edges. Two types of experiments were carried out, one with single pulses and one with two pulses. The results below are from the single pulse experiments. The two pulse experiments are considered in Sec. IV E.
In the single pulse edge reflection experiments, MME pulses were launched and then detected by the pickup trans; ducer during the forward and backward traveling passes for the pulse. As the distance between the pickup transducer and the reflecting end was changed, the propagation time was also changed. It was then possible, from measurements of the detected pulse amplitudes for the two passes, to determine decay attenuation rates and relaxation times for the propagating MME pulses. Such measurements were carried out as a function of pulse width at low power and for relatively short pulse widths at high power. The low power measurements provided a determination of both the reflection loss and the low power attenuation rate. The high power measurements provided additional information on soliton decay.
It is to be recalled that single soliton pulses are expected to decay at twice the rate for linear pulses. This result was considered in Sec. II and shown in Eq. (11) . This double decay rate prediction was first confirmed by Kalinikos and co-workers16 on the basis of experiments with a structure similar to the one in Fig. 1, but with the capability to vary the , spacing between the input and output transducers. In the high power, soliton regime, the attenuation in the detected pulse amplitude as a function of propagation distance had a slope which. was approximately twice the linear attenuation rate estimated from phenomenological propagation loss theory.32 The approach here accomplishes the same objective of a variable propagation distance in a different way, by detecting the pulse two times, once before and once after reflection from the end of the film.
For these experiments, a slightly shorter YIG film strip, 2 mmX 12.5 mm in size, was used. The strip had squared off rather than tapered ends and carefully prepared edges. Efficient reflection of MSW pulses at the film edge occurs because of the sharp decrease of the demagnetizing field at such edges.33 This causes the net internal field to increase and pushes the MSFVW band up in frequency and well above the operating point. Under such conditions, the edge region of the film does not support forward volume waves and the edge itself becomes a very good reflector. One may then use the positioning of the YIG strip relative to the pickup transducer to achieve a variable round trip propagation length for' the pulse. For the results given below, the distance between the receiving transducer and the reflecting edge of the film strip ranged from about 2 to 4 mm. The experiments were carried out at the 5.6 GHz operating point, with the same static field used above. Propagation times ranged from 90 to 180 ns.
The basic measurement here consists of two detected peak power values, P, for initial pass of the pulse and P, for the reverse traveling pulse after reflection, and the round trip propagation time between the peak power measurements, T,. The overall attenuation in decibels will be given by I'(dB)=lO log[PF/PR). This F(dB) will contain two parts. One part, l?,(dB), will come from losses connected with the edge .' reflection.
The second part, specified as A (dB/@)Tr( ps), will be associated with the physical relaxation rate for the propagating MME wave packet in the YIG strip 17(dB)=IE(dB)+A(dB/&TT.
The attenuation rate parameter A, expressed in dB/p, may be obtained from Eq. (19) . A is directly related to the relaxation-rate VA for the propagating MME signal. One may write operational equations for these parameters as follows:
10 log $-I',(dB) , 1 5x104 vA(rad/s) = ~ log e A(dBIELs).
Note that vA is the exponential decay rate for the normalized dynamic magnetization response function u(x,t) introduced in Sec. II. The decay rate for power is twice this value. Based on the discussion of Sec. II, one would expect A 'and VA values which correspond to the intrinsic relaxation rate 7 for very wide, low power pulses. The observed attenuation rate would be larger for narrow, low power pulses because of dispersion spreading. In the high power soliton regime, one Experimental values of the attenuation rate A, in dB/@, vs the pulse width T,-, for low power MSFVW pulses propagated in the YIG film initial detected peak power for the forward traveling pulse P, for high transducer structure of Fig. 1 . The pulses were launched from the input power MSFVW. pulses propagated in the YIG film transducer structure of transducer, detected by the output transducer, reflected from the end edge of Fig. 1 . The pulses were la'unched from the input transducer, detected by the the film, and then detected a second time. The input peak power was 10 mW, output transducer, reflected from the end edge of the film, and then detected the external applied field was 3744 Oe, and the carrier frequency was 5.6 a second time. The input pulse width was 10 ns, the external applied field GHz. The solid circles show the data. The solid line represents a fitted curve was 3744 Oe, and the carrier frequency was 5.6 GHz. The solid circles show to the data. the data. The solid line represents a fitted curve to the data.
would expect A and vA values which correspond to a relaxation rate of 217. The experiments described below confirm these expectations. Measurements were.first carried out at low input power levels in the 10 mW range. l%o separate experiments were done. First, data on the total attenuation r as a function of the round trip propagation time T, for relatively wide, 50 ns pulses were obtained. The attenuation was. found to be a linear function of the propagation time. The data yielded an attenuation rate A = 53 t 10 dB/p and an edge reflection loss r,=O.5 kO.5 dB. The edge attenuation loss is seen to be quite small. Edge attenuation has little effect on the overall attenuation values.
Attenuation measurements were then made as a function of input pulse width for a fixed propagation time of about 90 ns. Representative data on the attenuation rate A as a function of input pulse width T, are shown in Fig. 11 . Measured values are shown by the solid circles. The solid curve represents a smooth curve fit to the data. The results in Fig. 11 show that the attenuation rate is quite large when the pulse width is small and decreases asymptotically to some limiting value as T,, increases beyond 40-50 ns or so. Recall that the overall propagation times are on the order of 100-200 ns and the characteristic dispersion times from Sec. II are on the order of 9.3 [To(ns)]'(ns). At T,,=40-50 ns, the dispersion time Td is a factor of 100 or so greater than such propagation times. In this limit, the attenuation rate A value is about 40-50 dB/p. The corresponding relaxation rate from Eq. (21) is 5.2X106 rad/s. This value of 77~ corresponds to a ferromagnetic-resonance derivative linewidth of 0.34 Oe and is very close to the value for the YIG relaxation rate used in Ref. 14. This value will be taken, therefore, as the applicable relaxation rate for low power MSFVW pulse propagation in YIG. This is the value cited in Sec. II and listed in Table I .
Turn now to the high power attenuation measurements. In these experiments, the attenuation rate A was determined as a function of the peak power P, for the forward traveling pulse. The pulses were initially generated from input pulses which were 10 ns in width and had peak power values in the The results of these measurements are shown in Fig. 12 . The solid circles are the measured points and the curve represents a fit to the data. Note that the independent variable plotted on the horizontal axis is the forward traveling pulse peak power value P, , and that the range of these P, values is O-l mW. This range matches the lower two-ihirds of the-range of P,,, values shown in Fig. 7 . It corresponds to'the range of input peak powers over which the output pulses transform from the linear regime to the soliton regime. Overall, the attenuation rate values shown in Fig. 12 are significantly larger than the values shown in Fig. 11 . The 90 dB/p values for A at the very low values of PF are on the same order as the low power A values for T,," 10 ns in Fig.  11 . These large attenuation rates aie due to dispersion effects at low power for such narrow pulses. As P, is hicreased, however, the attenuation rate shows a small but distinct decrease, goes through a shallow minimum at PpO.3 mW or so, and then, slowly increases at higher P, values. The decrease can be attributed to soliton fdrmation. Note that soliton formation is expected, on the basis of the results in Fig.  7 , for P, values above 0.05 mW or so. The immediate decrease in the attenuation rate as PF is increased from the lowest values is consistent with this observation.
The minimum at PpO.3 mW and the increase ifi A at higher powers is also consistent with soliton considerations. The key result in Fig. 12 is in the values of the attenuation rate A for P,>O.3 mW. These values are approximately double the attenuation rate in the low power regime for wide pulses. This double attenuation rate indicates that the effective relaxation rate has also doubled. Suck a doubling, moreover, is expected for solitons. That expectation was discussed in detail in Sec. II and indicated in Eq. (11).
E. Soliton collisions
Although the narrowing and steepening of the output pulse proties shown in Figs. 6 and 8 are important indicators for soliton.formation, a key property of solitons in general is their ability to pass through one another unchanged.34 The edge reflection technique, described above in connection with attenuation measurements, provides a convenient way to observe solitons before and after interaction with other solitons. The purpose of this section is to present some qualitative results on MSFVW solitons in collision based on this technique.
The collision experiments followed the same procedure described above. Soliton pulses were launched from the input transducer. They were first detected by the pickup transducer during their forward traveling pass approximately 90 ns after launch, allowed to reflect off the end edge of the YIG strip, and then detected a second time while traveling back from the edge in the reverse direction. In order to obtain conditions for soliton collision, two pulses were launched instead of one, with an appropriate time delay between the two pulses. If this time delay is less than the round .trip propagation time T,, the first soliton pulse will have passed through the second soliton pulse during its backward traveling pass and prior to the second detection.
These specific pulse collision experiments used the same film as used for the attenuation measurements. The YIG strip was positioned with the reflecting edge approximately 2 mm from the pickup transducer. The static magnetic field was the same as before. The 2 mm-spacing and lower frequency gave an input transducer to pickup transducer propagation time of about 88 ns, and a pickup transducer to film edge and return round trip propagation time of about 87 ns. The time delay between the two input pulses was set at 40 ns. The experiments were done for 10 ns wide input pulses. Single pulse and double pulse measurements were carried out under both low and high input peak power conditions. The low power case used pulses with Pin-O.1 W, well below the soliton regime. The high power case used pulses with Pi,,-1.8 W, well above the single soliton threshold.
The carrier frequency was 5.52 GHz, slightly lower than the 5.6 GHz value used for most of the other experiments described above. This tine tuning in frequency was necessary to optimize the size of the detected output signals. As evident from Figs. 4 and 5, one can, have wide variations in the actual transmission loss and propagation times for very small changes in frequency because of the exchange gap effects associated with residual pinning. In these experiments, it is important to optimize the transmission in order to obtain a sufficient signal for detection after the edge reflection and additional propagation distance. For this reason, the frequency operating point was fine tuned to 5.52 GHz to achieve the maximum signal.
Representative results are shown in Fig. 13 . The first and second input pulses are labeled as I, and 12, respectively. The forward pass pickup signals for these inputs are labeled as F, and F2, and the reverse pass pickup signals after retlection are labeled as R, and R, . Traces 2 pm and the external applied field was 3744 Oe. The carrier frequency was 5.52 GHz and the input pulse width was 10 ns. The input peak power was 0.1 W for traces (a) and (b) and 1.8 W for traces (c) and (d). Single pulses were used for traces (a) and (c), and two pulses delayed by 40 ns were used for traces (b) and (d). The labels I, and Iz denote the lirst and second input pulses, respectively. The labels F, and F, denote the corresponding signals at the output transducer for the forward traveling pulses, detected approximately 87 ns after launch. The labels RI and Rz denote the corresponding signals at the output transducer for the same pulses after reflection off the end edge of the YIG film, detected approximately 180 ns after launch. The curves for profiles RI and R, in traces (c) and (d) have vertical scales which are expanded by a factor of 5. reflected reverse pass signal peaks are at 180 and 220 ns. The pickup power scales, in milliwatts, are on the right-hand vertical axes.
Consider first the low power results. For the single pulse case shown in trace (a), the round trip propagation causes the F, profile at 90 ns to decay in amplitude and spread in width to yield the R, profile shown at 180 ns. The peak power drops by about a factor of 8, which corresponds to a decay rate of 103 dB/,us. Trace (b) shows the effect of adding the second pulse. The situation is about the same as in trace (a), except that there are now two forward pass and two reverse pass signals. The decay and spreading is about the same for the second pulse as for the ftrst pulse.
Turn now to the high power results. Note that the R r and R, protiles have vertical scales which are expanded by a factor of 5. The F, and RI protiles for the single pulse case in trace (c) show clear soliton properties. These profiles are sharp and narrow. Even though the RI profile appears to be slightly wider than the F r profile, both are still significantly narrower than the input pulse. The decay in peak power from the F1 profile to the R, profile is by a factor of 8.3. This corresponds to a decay rate of about 105 dB/p. Trace (d) in Fig. 13 shows representative results for two input pulses at high power. Here, instead of one forward pass and ,one reverse pass soliton profile, there are two forward pass and two reverse pass soliton peaks. The timing is such that the first soliton pulse and the second soliton pulse have passed through each other prior to producing the signals shown by the RI and R2 profiles in trace (d). These experiments show, therefore, that two MSFVW MME solitons can pass through each other without modifying the pulse shapes or the propagation speed for either signal.
The attenuation rates for the signals in Fig. 13 are consistent with the decay rates presented in the previous section. The low power decay rate of 103 dBl,us is on the order of the decay rates in Fig. 11 in the limit of short pulses. This rate is large because of the effect of dispersion for the short 10 ns pulses. The high power decay rate of 105 dBl@ is about the same as in Fig. 12 . This rate is large, not because of dispersion, but because of the doubling in the relaxation rate for solitons.
The soliton collision results presented above represent a. first step in the investigation of the interaction of microwave magnetic envelope solitons in thin films. Experiments are in progress to use precision propagation time measurements to study soliton interactions in detail. It is expected,, for example, that the close range interaction between solitons can be attractive or repulsive, depending on the relative carrier phases for the pulsess Such interactions may be extremely important, not only for the basic understanding of soliton properties, but also because of the sequential effect of collision induced phase shifts on multiple soliton data. packets.35
V. CONCLUSION
The above sections have presented a fairly complete set of experiments and analyses on both the linear and the nonlinear response for magnetostatic forward volume wave I pulses at 5.5-6.0 GHz in YIG films. The experiments utilized a magnetostatic wave transducer structure with a narrow linewidth single-crystal YIG film. At low power, one obtains well-known MSFVW pulse propagation and attenuation characteristics. At high power, one obtains nonlinear effects in the narrowing and steepening of pulse shapes, the appearance of multiple peaks in the detected pulse, and peak power proties which show many characteristics associated with envelope solitons. The connection between the experimental results and soliton processes is then considered in terms of various characteristic times for linear and nonlinear MSW wave packets. Good consistency is obtained. It was possible to generate and detect such solitons over the entire low attenuation range of the MSFVW band. Finally, careful measurements of both forward traveling and edge reflected reverse traveling pulses are used to determine the decay and attenuation and decay properties of linear and nonlinear pulses, and to observe the effects of pulse collisions. It is found that the decay rates for MME pulses in the soliton regime are approximately twice the decay rates for low. power pulses, in accord with theory. It is also found that pulses in the nonlinear soliton regime are able to pass through each other intact, with little change in shape or speed.
